Global change is causing drastic changes in the pollinator communities of the Arctic. While arctic flowers are visited by a wide range of insects, flies in family Muscidae have been proposed as a pollinator group of particular importance. To understand the functional outcome of current changes in pollinator community composition, we examined the role of muscids in the pollination of a key plant species, the mountain avens (Dryas). We monitored the seed set of Dryas across 15 sites at Zackenberg, northeast Greenland, and used sticky flower mimics and DNA barcoding to describe the flower-visiting community at each site. To evaluate the consequences of shifts in pollinator phenology under climate change, we compared the flower visitors between the early and the late season. Our approach revealed a diverse community of insects visiting Dryas, including two-thirds of all insect species known from the area. Even against this diverse background, the abundance of muscid flies emerged as a key predictor for seed set in Dryas, whereas overall insect abundance and species richness had little or no effect. With muscid flies as the main drivers of the pollinating function in the High Arctic, a recently observed decline in their abundances offers cause for concern.
Introduction
The environment of the Arctic is changing fast [1, 2] . This is causing challenges for local plants and animals, as well as for the biological interactions between them [1, 3, 4] . Overall, the species-poor communities of the Arctic can be expected to be less robust to environmental change than more diverse communities [5, 6] . Imprints of global warming are already detectable in the phenology, abundance and distribution of Arctic species [3, [7] [8] [9] . The lengthening of growing seasons has resulted in a documented increase in plant biomass and net productivity [10] . Altogether, this will cause both plants and animals adapted to longer seasons to become more common in the Arctic [11] . In the long run, the distributions of species will also shift northwards, potentially leading to the demise of the most northern species [1, 12] . Thus, overall, we may be bound for major changes in the arctic flora and fauna, and in the ecological functioning of these communities.
Functions stemming from the interaction of different organisms, such as plants and their pollinators, are of particular interest. Even in the harsh environment of the High Arctic, a large proportion of plants are highly dependent on insects for seed set [13] . At a global level, most of the interactions between plants and their pollinators are rather weak [14] [15] [16] , and as a result it has been suggested that few plant or pollinator species are actual specialists [14] [15] [16] [17] [18] (but see [19] ). In this context, the pollinator communities of the Artic have been proposed to be particularly generalistic [20, 21] (but see [22] ).
Yet not all flower visitors may be equally efficient in terms of their functional contribution to pollination. While past work has emphasized the role of bees, hoverflies and butterflies as pollinators, recent studies identified non-syrphid flies as key pollinators across a range of systems [23] . In many alpine and arctic areas, muscid flies (family Muscidae) have been identified as the most common flower visitors [13, 20, [23] [24] [25] [26] [27] [28] , and the efficiency of muscid flies in pollen transport has been proposed to be higher than other taxa such as midges [4, 13, 25] . Among muscid flies, particular species have been advanced as being very functionally efficient: based on visitation rates and on the percentage of individuals carrying pollen, Kevan [13] singled out the fly Spilogona sanctipauli as one of the 11 species or groups of pollinators accounting for most of the Dryas pollination at Lake Hazen (Ellesmere Island, Nunavut, Canada).
With the arctic climate warming year by year, the abundance of muscid flies has been observed to decline [3] , whereas another abundant and diverse flower-visiting group, chironomids (Chironomidae), tend to increase [29] . Thus, changes in the availability of muscids as efficient pollinators could harm insect-pollinated plants [4, 25] . Nonetheless, the evidence for muscids as key pollinators is largely circumstantial, and we are not aware of any previous studies directly relating seed set to muscid abundance in natural systems.
To predict the functional outcome of current changes in arctic pollinator community composition [3] , we examined the role of muscids in the pollination of mountain avens (Dryas), a key plant species in arctic and alpine pollination networks [27, 30, 31] . First, we describe local variation in the flower-visiting insect community (i.e. which flower visitors are present when and where, and in what numbers). Second, we measure the net pollination function (across all its steps [32] ) by measuring the seed set of Dryas. Third, we describe how the flower-visiting insect community-and specifically its muscids-is connected to the ecosystem service it provides. Finally, to derive further insights into the effects of climate change on the pollination of Dryas, we compare the differences in the flowervisiting insect community-including its muscid componentbetween the early and late season. Through this last approach, we aimed to establish how the flowering peak of Dryas is attuned to the current phenology of its most important pollinators.
Based on previous information on Dryas biology [13] , and on the proposal of muscids as abundant and efficient pollinators [13, 20, [23] [24] [25] [26] [27] , we tested the following a priori hypotheses: (1) the composition of the community of flower visitors varies in time and in space; (2) Dryas is insectpollinated, with spatial variation in the composition of the community of flower visitors yielding spatial variation in seed set [13] ; (3) following a general association between biodiversity and functioning [33, 34] , more diverse insect communities will lead to higher seed set; (4) regardless of flower-visitor identity, more visitors will result in higher seed set [35] ; (5) given the presumed functional efficiency of Muscidae, an increased abundance of these flies will result in a disproportionate increase in seed set; (6) among muscids, S. sanctipauli will account for a major part of the group's pollination efficiency [13] ; and (7) the availability of pollinators will change over the season [27, 31] , with total pollinator abundance peaking around the flowering peak early in the season [36] , and with the abundance of muscids following this pattern.
Methods
To study the connection between the composition of the flower visitor community and pollination efficiency, we sampled the flower visitors and monitored the success of seed set in Dryas at 15 locations in the Zackenberg valley, northeast Greenland. To include variation in environmental conditions, thus generating variation in flower visitor community structure, these locations were distributed across an elevational gradient (figure 1a). To separate pollination induced by insects from that owing to wind-and autogamy, we precluded insects from visiting some flowers at each site by small mesh tents. Additionally, to get a perspective on how climate change and earlier snowmelt may impact pollinator availability through the season, we sampled the flower visitors of Dryas during the early-season flowering peak and later in the season-thus examining phenological changes in the pollinator set available to plants flowering early versus late in the season.
(a) Study system (i) Study area
The Zackenberg valley (74830 0 N, 21800 0 W) is characterized by a High Arctic climate, with monthly average temperatures ranging from 220 to þ78C and annual precipitation being around 260 mm [37] . The valley faces south and is characterized by limestone-rich soil. The vegetation is relatively rich and diverse, with the landscape mainly covered by small shrubs [38] . During the growing season from early June to the end of August, the slow melting of snow keeps numerous small streams running down the hillsides, with fens occurring in areas of standing water. Erosion by water and ice creates many vegetation-free patches of mineral soil. Owing to this erosion and to substantial spatial variation in snowmelt patterns, the vegetation of the valley is a diverse mosaic [39] , creating pronounced spatial variation in assemblage structure of the local flower visitors.
(ii) Target plant
Dryas is a circumarctic, perennial plant, common and abundant in many arctic and alpine areas. Individuals can reach the age of 100 years [13] . The two dominant species of Dryas crossbreed, with most of those in northeastern Greenland being hybrids between the European and North American species, Dryas octopetala Â integrifolia [40, 41] . Dryas flowering starts shortly after snowmelt with most individuals flowering within a month. Pollination in Dryas is assumed to be insect-dependent, with only a low level of wind pollination and autogamy [13, 42] . As an abundant and highly pollinator-dependent plant with an open flower structure, Dryas is a well-connected key species of pollination networks in many regions of the Arctic [27, 30, 31] . In previous pollination studies conducted in the Zackenberg valley, at least 30 species of insects were observed to visit its flowers [27] . This involves more than 10% of all insect species known from the area [43] .
(iii) Sampling sites To achieve sufficient sample size for recording seed set success, we chose sites with abundant flowering Dryas (i.e. more than 50 buds m
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). The sampling sites ranged across an elevation gradient from 5 to 400 m above sea level (figure 1). To quantify small-and large-scale variation in seed set and in the flower visitor community, we placed five 1 Â 1 m study squares within each of the 15 study sites (i.e. 5 Â 15 ¼ 75 study squares in total).
(b) Responses scored (i) Success of seed set
At each study site, we recorded seed set success of Dryas. To establish the original number of flowers, we counted all flower heads at the start of insect sampling. At this point, we also estimated the number of flowers damaged by insects, subtracting these numbers from later estimates. At the end of the season, we counted all seed heads of Dryas in the study squares and classified them according to whether they had generated viable seeds or not (for illustrations of categories, see electronic supplementary material, appendix A and figure S2). Potential wind pollination and autogamy of Dryas were examined by recording seed set under pollinator exclusion. For this purpose, we constructed small mesh tents of light and neutrally coloured fabric (mesh size, 0.3 Â 0.3 mm, Eurokangas, Marley T300; for illustrations, see electronic supplementary material, appendix A and figure S3), chosen not to affect the growth of the plants, stop the wind or attract flower visitors to nearby plants. Two tents were placed in each study square, whereas the buds were still closed. At the end of the season, the seed heads inside the tents were counted and divided into the same categories as outlined above (electronic supplementary material, appendix A and figure S2 ). As an estimate of the role of insects in Dryas pollination (hypothesis 2), we compared seed set success inside the pollinator exclusions to seed set success outside these tents.
(ii) Sampling of pollinators
To establish how the composition of the community of flower visitors varies in time and in space (hypothesis 1), we sampled flower visitors using sticky mimics of Dryas flowers. This trap design was originally tested in 2013 [44] , with insect visitation rates not detectably different from that of real Dryas flowers. Each trap was made of two circular pieces of sticky paper: a white piece (Ø 30 mm; made of Sticky Roll, Barrettine Environmental Health, Bristol, UK) to represent the petals and a yellow piece (Ø 8 mm; Yellow Sticky Board, Barrettine Environmental Health, Bristol, UK) to represent the stamen. To attach the traps to the soil, and to expose them level with natural flowers, we equipped each flower with a short stem made out of iron wire and stuck it into the soil. rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161271 sampling site was omitted owing to a very low catch resulting from poor weather. To test whether the availability of pollinators changed over the season [27, 31] , whether total pollinator abundance peaked around the flowering peak early in the season [36] and whether the abundance of muscids followed this pattern (hypothesis 7), six of the 15 study locations were resampled later in the season (10 -21 July 2014). In a paired design, these six locations were chosen close to the original set of sites with late-flowering Dryas (figure 1), maintaining similar flower densities in the early and late season.
(iii) Identification of flower visitors
To resolve the structure of the flower-visiting insect communities, we used DNA barcoding to identify all specimens of flower visitor to the species level. This was done by sequencing the standard barcode region [45] of the cytochrome c oxidase 1 (CO1) mitochondrial gene of the flower visitors, then comparing the sequences acquired to a reference library in The Barcode of Life Data Systems (BOLD; www.barcodinglife.org) [46] . For DNA barcode analysis, DNA was extracted from a small piece of tissue from every insect specimen that was sampled, and the barcode region was PCR amplified and sequenced following standard protocols in the Canadian Center for DNA Barcoding (www.ccdb.ca/ resources.php; i.e. as Arthropod samples in [43] ). The sampled flower visitors were individually labelled and are now stored by the Spatial Foodweb Ecology Group, University of Helsinki. The sequence information was then imported to BOLD for further processing. Here, the species were identified using barcode index numbers (BINs) as taxonomical units [47] . With some exceptions, a BIN equals a morphologically identifiable species [43] , and for simplicity, we henceforth refer to them as 'species'.
(c) Statistical models (i) The role of insects in the pollination of Dryas
To test for spatial variation in the composition of flower-visiting communities (hypothesis 1), we compared the pollinator abundances and species numbers between and within study locations. The test was performed by ANOVA in SAS for Windows (v. 9.4, proc anova, SAS Institute Inc., Cary, NC). To test for a general role of insects in the pollination of Dryas (hypothesis 2), we compared the success of seed set in the presence versus absence of flower visitors. First, the proportion of flower heads successfully generating seeds was calculated in each study square (n ¼ 75) and in each pollinator exclusion cage (n ¼ 150). To distinguish the role of flower visitors on seed set, we then used a generalized linear mixed-effect model (GLMM) of seed set success as a function of treatment (tent/no tent). To account for site-to-site differences in seed set success (as caused by e.g. environmental variation), we included the study site and study square (nested within study site) as random effects. To account for the effects of elevation, we included meters above sea level as a continuous, fixed effect. To identify the possible interaction between elevation and the presence or absence of pollinators on seed set, the interaction of elevation and treatment (tent/no tent) was included in the model. This test was performed in SAS for Windows (version 9.4, proc glimmix). Because the dependent variable was a proportion of events, we assumed a logit-link function and binomially distributed errors.
(ii) Effects of flower-visitor diversity and abundance on the pollination of Dryas
To examine the effects of flower visitors on seed set (i.e. the fraction of flowers producing seeds), we started from a model adjusting for background variation in local seed set, which considered the effects of elevation, seed set inside the pollinator exclusions (reflecting possible genetic and abiotic impacts on seed set) and the interaction between the two. These parameters were included as a baseline in all further models. To then address the general effect of diversity (hypothesis 3) and abundance (hypothesis 4) of flower visitors on the seed set of Dryas, we first pooled the counts of all flower-visiting individuals, and counted all species at each site. These counts were logtransformed to account for the fact that high densities of flower visitors may result in pollen saturation on the stigmas [48 -50] . We then modelled the fraction of flowers producing seeds as separate functions of total visitor abundance and total species richness, respectively, using the change in Akaike's information criterion (DAIC, compared with the null model including environmental parameters only) as a metric of explanatory power. To determine the specific effect of muscids, and of individual species within this family (hypothesis 5), we modelled the fraction of flowers producing seeds as a function of total muscid abundance. To explore the functional contribution of S. sanctipauli as a taxon of presumed particular importance (hypothesis 6), we added its abundance to the model, examining the change in the AIC as a metric of improved model fit. To control for an effect of the abundance of taxa other than those tested, the abundance of all other species (with the target taxon excluded) was included as a covariate. All tests were performed in SAS for Windows (v. 9.4, proc genmod). Because the dependent variable was a proportion of events, we assumed a logit-link function and binomially distributed errors. Electronic supplementary material, appendix B provides a more data-driven approach, exploring the contribution of individual pollinator taxa and arrives at the same qualitative result as the hypothesis-driven approach presented above.
(iii) Phenological change in the flower-visiting community
To resolve temporal changes in the composition of the flowervisiting community (hypothesis 7), we used a paired t-test to compare sites within site-pairs sampled in the early versus late season, respectively (figure 1), in terms of overall species richness, overall flower visitor abundance and the abundance of dominating muscid species, respectively. These tests were performed in SAS for Windows (v. 9.4, proc ttest).
Results (a) Spatial variation in insect community structure
We sampled a total of 8504 flower visitors, using sticky flower mimics. Of these, we successfully sequenced and identified 7997 individuals (94%), detecting a total of 177 different BINs (for a complete list, see electronic supplementary material, appendix C). Even though the study area was relatively small, the insect communities visiting the flowers significantly differed among sites in terms of both species richness and flower visitor abundance (hypothesis 1; F 13,56 ¼ 7.68, p , 0.0001 and F 13,56 ¼ 9.89, p , 0.0001, respectively). These overall differences reflected substantial variation in community composition and species abundances between sites (figure 1).
(b) Spatial variation in Dryas seed set success figure 2 ).
(c) Effects of flower-visitor diversity and abundance on Dryas seed set success
Although the overall abundance of flower-visiting arthropods had a minor impact on the success of seed set in Dryas (hypothesis 4; DAIC ¼ 0.8, p ¼ 0.094), the overall species richness explained a significant part of the seed set (hypothesis 3; DAIC ¼ 23.5, p , 0.0001). In this context, the overall abundance of muscid flies had a significant positive impact on seed set (hypothesis 5; DAIC ¼ 50.5; figure 3a) , when compared with a marginally negative effect of all other flower-visiting taxa (coefficient estimate at the logit scale 20.11 + 0.05). As expected a priori, an increasing abundance of S. sanctipauli (accounting for 36.5% of all sequenced muscids and 14.9% of all sequenced flower visitors) resulted in a detectable increase in Dryas seed set success (hypothesis 6; DAIC ¼ 222.56; figure 3b ). By contrast, the abundance of another, almost equally abundant muscid fly Drymeia segnis (accounting for 35.4% of all muscids and 10.3% of all individuals) had a much weaker association with seed set (DAIC ¼ 47.01). As the overall abundance of Diptera and muscid flies increased in time, so did the abundance of the four most abundant muscid species (including S. sanctipauli; figure 4 ).
(d) Phenological changes in the flower-visiting community

Discussion
In this study, we identify muscid flies as the key pollinators of Dryas in the High Arctic-moving from previous suppositions based on their abundance or pollen load [13, [23] [24] [25] [26] [27] ] to patterns of realized functioning. The success in seed set of Dryas as a key species in the arctic plant -pollinator network [13, 42, 44] proved highly dependent on flower-visiting insects in general and on muscids in particular. Where species richness and overall insect abundance had only a weak effect on the success of seed set, the abundance of a single, regionally common muscid species, S. sanctipauli, left a detectable positive imprint on the reproductive output of this plant. By comparison, the most species-rich group of flower-visiting insects (family Chironomidae with 57 species detected versus 15 species of Muscidae) showed no detectable association with the seed set of Dryas (see electronic supplementary material, appendix B). Given a recently observed decline in High Arctic muscid abundances [3] , these findings offer fuel for concern.
The current results emerge from the high resolution of pollinator communities achieved by new methodological solutions. Using sticky flower mimics to sample local insect communities visiting Dryas flowers and applying DNA barcoding for species identification, we obtained a comprehensive description of the insect community visiting the target plant species. As evidence of the power achieved, previous studies on pollination in the Zackenberg area have recorded 28 and 30 insect species visiting the flowers of Dryas [27, 31] , respectively, whereas we found 177 Dryas-visiting insect species. This is twothirds of all insect species known to occur in this thoroughly studied area (269 species in total [43] ). It is worth emphasizing that the few discordances between morphologically distinguishable species and the BIN concept of species identity applied here account for only the tiniest fraction of overall pollinator richness recorded in this study (cf. [43] ). Thus, the methods used for trapping and for insect identification appeared well suited to generate highly resolved insights into on community structure and species associations [51] .
Because our inference was based on the testing of seven a priori hypotheses, we briefly examine the support for each and synthesize the conclusions below.
First, we expected the composition of the community of flower visitors to vary in time and space, thus providing variation in species content that could be linked with variation in functioning (i.e. seed set). Our methods revealed high spatial variation in both the success of seed set and in the composition of the flower-visiting insect community at Zackenberg. In particular, spatial variation in pollinator community structure was pronounced. In addition to variation in species numbers and in the total abundance of pollinators, differences in species composition and in species-specific abundances accentuated the difference in the communities between study sites (cf. figure 1) . Thus, overall the flower-visiting insect community changed markedly across a relatively small spatial scale, causing significant differences in the pollination services locally available. This fine-scale variation allowed us to pinpoint the effect of local variation in insect community structure on the seed set success of Dryas. Second, we assumed Dryas to be predominantly insectpollinated, with spatial variation in composition of the community of flower visitors yielding spatial variation in seed set [13] . For this hypothesis, we found clear support: at each of the 15 study locations, the seed set for Dryas was greater in the presence than in the absence of flower visitors (i.e. when flower visitors had free access to the flowers versus were excluded, respectively). This suggests that Dryas relies heavily on insect pollination for reproduction [13, 42, 44] (but see [52, 53] ).
Third, following the general association between biodiversity and functioning [33, 34] , we expected more diverse insect communities to lead to higher success in seed set. For this assumption, we found limited support. Even though an increase in overall species richness slightly increased seed set, the main contribution to pollination stemmed from a few species and from their local abundances. Thus, for providing pollination services, species identity seems far more important than species richness. This supports the notion of a few particularly efficient keystone species as the main driving force behind ecosystem functioning [5, 54] , and proves the value of using species-poor arctic communities for testing general theory on community structure versus functioningas given the limited set of species, we can actually pinpoint their specific effects.
Fourth, beyond species richness, we expected more flower visitors to result in higher seed set [35] . In fact, overall insect abundance had only a weak effect on the success of seed set in Dryas. We attribute this finding to the fact that different arctic insects come with very different pollen-carrying capacities [4, 13] and behaviour, making simple counts of insects a poor predictor of the function that they provide.
Fifth, we expected an increased abundance of the functionally efficient Muscidae to result in a disproportionate increase in seed set-which proved to be true. At the family level, the abundance of muscids offered the best predictor of seed set success, both when tested by our hypothesis-driven approach (see Results) and when examined by data-driven model selection (cf. electronic supplementary material, appendix B). This pattern supports the recent contention that groups of insects beyond hoverflies, bees and butterflies make key contributions to global pollination services-with non-syrphid flies as a group of particular importance [23] . The high efficiency of muscid flies in pollination [13, 20, [23] [24] [25] [26] [27] [28] can, in part, be attributed to their morphology, abundance and behaviour: these flies are numerous, large and hairy, and actively visit flowers, leading to a potentially great pollen transport rate [4, 13, 25] . However, there is a general paucity of studies relating the arctic pollinator community to the actual ecosystem service that it provides. Thus, this study adds critical evidence for the role of muscid flies in arctic ecosystems.
Sixth, among muscids, we expected that S. sanctipauli would account for much of the group's pollination efficiency [13] -which it proved to do. This finding supports the inference of Kevan [13] , who used visitation rates and pollen loads to propose that this species might be among the most important pollinators of Dryas. Importantly, this role of muscids as a group and of S. sanctipauli as a species emerged against a background of high species richness-we reiterate that no fewer than 177 different insect species were found to visit the flowers of Dryas (see above). One might have expected the effects of single taxa to be diluted across the backdrop of this massively complex interaction network. Yet, within rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161271 this web, we found evidence that only a few insect species drive a major part of all pollination. This finding contrasts starkly with the usual assumption that arctic pollinator communities are characterized by high degrees of generalism and high functional redundancy [20, 21] . Thus, despite being visited by diverse insect taxa, a generalist flower may depend on one or a few pollinator species for its seed set. Finally, we expected the abundance and diversity of pollinators to change seasonally, peaking around maximal flowering in the early season [36] , and with muscids following this general pattern. The pollinator assemblage at Zackenberg did indeed change between the early and late season, but in a fashion opposite to that expected-most early-season pollinators were present and also more abundant after the main flowering season (see also [4] ). This pattern included the most important pollinators, the muscids in general and S. sanctipauli in particular, both of which were more abundant later in the season. In addition, many new species emerged towards autumn. Thus, the overall pollination services probably improved over the season. This causes specific concern in a warming Arctic where the flowering season seems to shift towards the early season, with no or little concomitant shift in pollinator flight times [4] . From a plant perspective, this implies that a major part of the pollination function may be left unused-and from an insect perspective that many late-season flower visitors may be deprived of their nectar and pollen resources [4] . Indeed, the overlap between insects and flowers in one year emerges as a key predictor of population densities in the next [3] .
Taken together, the functional importance of muscid flies uncovered by our study provides cause for concern. The diversity and abundance of muscid flies at Zackenberg are decreasing [3] , perhaps owing to an increasing mismatch with their flower resources [3, 4] . If this temporal rift expands and muscid populations dwindle further, then this may threaten arctic pollination.
Data accessibility. Site-specific metadata are available from the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.66f6m [55] .
